This study was aimed to determine the effect of amygdaline inactivation on the sexual motivation of male rats during a T-maze task with a sexual reward. Subjects were chronically implanted with two stainless-steel cannulae that enabled the infusion of tetrodotoxin, a sodium channel blocker, into the left and right basolateral amygdala (BLA). Animals were divided into 3 groups: saline (SS); TTX1 (tetrodotoxin at 2.5 ng); and TTX2 (tetrodotoxin at 5.0 ng). To induce a sexually-motivated state, all male rats were allowed to have an intromission with a receptive female before performing the T-maze task, after which their sexual motivation was evaluated during seven trials in which a receptive female was placed in one goal-box of the T-maze, and a non-receptive one in the other. Subjects were allowed an intromission as a sexual reward whenever they reached the goalbox containing the receptive female, but were returned to the start-box if they did not. At the end of the experiment, copulation until ejaculation was permitted. Both doses of TTX increased the time rats required to cross the maze stem during the final trials. In terms of sexual interaction, the high dose of TTX increased more markedly mount, intromission and ejaculation latencies and the number of mounts and intromissions. Overall, these results indicate that the BLA may play an important role in modulating sexual behavior, particularly in maintaining sexual motivation in successive trials in a T-maze task and during sexual interaction per se.
Introduction
It has been suggested that the amygdala plays an important role in the regulation of several primary motivational states, including sexual-, aggression-, ingestion-and fear-motivated behaviors. The amygdala has been divided into basolateral (BLA), corticomedial (CMA) and central regions [1] - [4] , and each one of these sub-regions is involved in the processing of different categories of incoming sensory information. In particular, rich inputs from the neocortex are directed to the BLA, and most olfactory (allocortical) inputs are directed to the CMA, while autonomic regulatory centers in the brainstem are reciprocally connected to the central nuclei [4] . In light of these connections, it has been proposed that the BLA may represent a polymodal, cortical-like area that receives information from the visual, taste, olfactory and auditory cortices [5] [6] , while the CMA is a more traditional limbic-like area [6] [7] . It has also been suggested that the BLA may provide a critical area for the motivational processes involved in goal-directed tasks [8] . Through its connections with the orbitofrontal cortex, the BLA has been associated with the assigning of incentive value to relevant stimuli [8] - [17] , a fundamental process in generating motivated states. For example, primates with ablation of the BLA show a significant deficit in the associative learning of visual stimuli when presented with a reinforcer from different sensorial modalities [11] , while after suffering lesions in the amygdala, monkeys showed impairments in reinforcer devaluation [12] in reversal learning tasks, and in emotional responses to threatening stimuli [13] .
Several studies have demonstrated that sex is an efficient incentive in goal-directed tasks [18] - [23] . Beach and Jordan [24] and Whalen et al. [25] , for example, have shown that male rats readily learn to scurry through a runway when access to a receptive female is offered as the incentive. For this reason, sexual reward has often been used as an incentive [18] - [21] in characteristic instrumental tasks such as mazes and Skinner boxes [26] - [29] . On the other hand, it is well known that the sexual motivation of male rats changes over the course of their sexual interaction, for it gradually increases during multiple intromissions until ejaculation is reached, after which arousal/motivation levels decrease dramatically (for reviews, see [30] [31]).
Although BLA lesions have not been found to have any disruptive effects on copulation in either male rats [32] - [34] or hamsters [35] , it has been suggested that this structure plays an important role in modulating sexual responses. Everitt et al. [36] [37] reported that BLA lesions affected appetitive sexual responses maintained by a secondary visual reinforcer, but not sexual interaction with a female, while Kippin et al. [38] observed an increased Fos-IR activation in the BLA of male rats following exposure to bedding scented with a neutral odor (almond) previously paired with copulation. In a c-fos expression study evaluating the chemoinvestigatory behavior of female mice, Moncho-Bogani et al. [39] demonstrated that the exploration of innately attractive nonvolatile pheromones induced activation of the BLA. Similar results were obtained using a somatosensory cue (an i.p. injection) paired previously with copulation, which induced an increase in glucose utilization in the BLA [40] . Additionally, a few studies suggest the involvement of the BLA in sexual interaction. For example, it has been shown that following 60 stimulations of the left BLA over a 4-week period (long-term kindling), male Long-Evans rats exhibited prolonged latencies in mounting, intromission and ejaculation and lower ejaculation frequencies [41] .
Bearing in mind the major role that has been attributed to the BLA in incentive motivation, and considering that copulation is a motivated behavior that depends on the male's ability to process sexual stimuli, the aim of this study was to determine whether inactivation of the BLA in male rats affects the maintenance of sexual motivation during the performance of a T-maze task using a sexual reward (i.e. intromission response).
Methods

Subjects
The subjects were twenty-four 85-90-day-old male Wistar rats obtained from a colony bred at the Institute of Neurosciences, University of Guadalajara. All male rats were maintained in a room at 22˚C -24˚C with a 12:12 h reversed light/dark cycle (lights on from 2000 to 0800 h), and were selected on the basis of their high copula-tory performance in preliminary mating tests. Purina Lab Chow and drinking water were available constantly in the home cage, where the animals were housed individually. Estrous was induced in females by s.c. injections of 5 μg estradiol valerate and 500 μg progesterone per animal, 48 h and 4 h before testing, respectively. Animal care and all other procedures involving the rats were approved by our Institutional Animal Care and Use Committee in accordance with NIH specifications.
Surgical Procedure
Prior to the behavioral experiments, the rats were anesthetized with sodium pentobarbital (35 mg/kg) by intraperitoneal injection. The anesthetized subjects were then immobilized in a stereotaxic apparatus and injected around the incision area with Xylocaine. A midline incision was made, after which the skull was dried and cleaned of fascias. Two small holes were drilled bilaterally in the skull posterior to the bregma region, and two permanent stainless steel guide cannulae (23 gauge, 13 mm) were placed 2 mm above the BLA at the following coordinates relative to bregma: antero-posterior: −2.8 mm; lateral ± 4.8 mm (midline); dorso-ventral: −6.8 mm from dura; with the nose bar −3.30 mm below the inter-aural lines [42] . The cannulae were fixed to the skull with dental acrylic and stylets were inserted to keep them closed. Another 5 mg of anesthesia were administered near the end of the procedure to minimize any post-surgery pain or discomfort that the rats might experience.
Apparatus
To evaluate the sexual motivation of male rats, a T-maze shaped apparatus constructed of polyurethane-sealed wood was used. The maze consisted of a brown, wooden stem runway with a start-box at one end and two goal-boxes at the other. The start-box (21 × 21 cm) was separated from the stem runway by a wooden guillotine door that prevented the rat from moving down the stem runway until training began. The runway was 52 cm in length and its two arms extended 45 cm from the point of intersection. All alleys were 9.0 cm in width and the walls were 10.5 cm in height. At the end of each arm there was a small closed wooden goal-box (21 × 21 cm) with a manual, removable wooden guillotine door with 5 orifices (1 mm radius) through which the male could hear, see and smell the females placed in each box.
Pre-Exposure to the T-Maze
Two hours prior to the start of the sessions, the rats were allowed to walk in the T-maze for a period of 30 min in order to reduce exploratory behavior. They were allowed to move freely inside the T-maze under standard conditions (red light on, temperature of 20˚C -25˚C).
Reversible Inactivation Procedure
Tetrodotoxin (TTX, Sigma Co.), which reversibly blocks sodium channel conductance, was used to inhibit action potential generation in the BLA during the behavioral tasks. Two doses of TTX and one of saline solution were bilaterally infused in the BLA of different subjects. Infusions were performed bilaterally into the cannulae using injection needles (30 gauge, 12 mm) attached to a 10 μl Hamilton syringe via polyethylene tubing connected to a KD-Scientific infusion pump. The delivery rate was 0.5 μl/min for 1 min. The injection needles remained in the cannulae for 1 min following infusion in order to maximize diffusion away from the needle tip and minimize dorsal diffusion. Approximately 40 -45 min after infusion, each subject was prepared for the T-maze test.
Group Assignment
Subjects were randomly assigned to one of the three groups. Subjects from the group labeled TTX1 (n = 8) received a lower dose of TTX (2.5 ng/0.25 μl of saline solution), while a higher dose (5 ng/0.25 μl of saline solution) was applied to a second group, labeled TTX2 (n = 8). The control group SS (n = 8) received only saline solution.
Motor Activity Test
Thirty minutes after TTX infusion, the male rats were placed in a square plastic box (21.6 × 21.6 in) to evaluate spontaneous motor activity in the open field test. The floor of the plastic box was divided into 25 squares (each one 4.3 × 4.3 in). The interior colour of the box was grey, the dividing lines black and the walls 5.5 in high. The measurement recorded consisted in the number of squares that all four of the rat´s legs crossed during the 10 min test period.
T-Maze Motivational Tests
Before the T-maze task (about 40 min after infusion), each male rat was allowed to have one sexual interaction (only up to the first intromission) with a receptive female inside a transparent acrylic box in order to generate a sexually-motivated state in the males, as reported in other studies [29] [43] . Immediately after intromission, the male rats were placed in the start-box of the T-maze, while a receptive female was placed in the closed goal-box of one arm, and a non-receptive female in the other. The initial position of the receptive female was balanced, so that for half of the subjects, she was located at the end of the right arm and for the other half, she was positioned on the left. Each experimental session consisted of 7 trials, according to previous data which determined that this was the average maximum number of intromissions that male rats can perform without reaching ejaculation [43] . In all trials, if the male selected the maze arm holding the receptive female, the door of the goal-box would open as soon as the subject approached it and one intromission was allowed. But if the arm with the non-receptive female was selected, the rat was given 5 sec to change its decision before being returned to the start-box. The animals were given a 5-min period to cross the T-maze stem and select an arm.
The following parameters were recorded: number of visits to the receptive female; number of visits to the non-receptive female; and number of non-response trials (i.e., when the male failed to select a goal-box within the 5-min period). During the T-maze task, the time that it took the rat to walk through the stem area before arriving at the intersection of the arms was also recorded.
Evaluation of Sexual Behavior
At the end of the T-maze session, the male rats were left in the goal box with the estrous female to copulate until ejaculation. After the post-ejaculatory period, they were placed inside a transparent acrylic box and allowed to have a second sexual interaction up to first intromission (i.e., the second copulatory series). The following copulatory variables were measured: a) mounts (M, mounting with pelvic thrusting but no vaginal penetration); b) mount latency (ML, time from the entry of the receptive female into the observation cage to the first mount); c) intromission (I, mounting with behavioral signs of vaginal penetration); d) intromission latency (IL, time from the entry of the female into the observation cage to first intromission); e) ejaculation (E, mounting with behavioral signs of seminal expulsion); f) ejaculation latency (EL, time from first intromission to the ejaculatory pattern); g) post-ejaculatory interval (PEI, time from the ejaculatory pattern to the first intromission of the second copulatory series); as well as the number of mounts (NM) and intromissions (NI). Each trial was ended upon observing one of the following conditions: 1) a maximum of 15 min with no mounts or intromissions; 2) a maximum of 30 min after first intromission without ejaculation; 3) the first intromission following initial ejaculation; or, 4) a maximum of 15 min after ejaculation with no additional intromissions.
Histology
At the end of the experiment, the animals were deeply anesthetized with sodium pentobarbital. An intracardial infusion of isotonic saline (0.9%) followed by a 5.0% buffered paraformaldehyde solution was used to fix the brain, which was subsequently removed and stored in formalin for at least two weeks. Sections of 50 µ thickness were then sliced using a microtome and stained with cresyl violet. Inspection under a stereoscopic microscope following the stereotaxic coordinates made it possible to reconstruct the path that the cannulae had followed. Only the behavior of those subjects whose cannulae were correctly positioned over the BLA was included in the data analysis.
Statistics
Comparisons of motor activity and male copulatory behaviors were made with a series of one-way ANOVAs for each sexual parameter registered. Statistical analysis of data from the motivational sessions was conducted by means of another series of one-way ANOVAs for the visits to the receptive female, visits to the non-receptive females, and non-response trials. Post-hoc analysis was performed with t-Student tests of the copulatory and motivational task variables. The time the rats spent walking through the runway stem was compared with the non-parametric Kruskall-Wallis test on a trial-by-trial basis and a post-hoc analysis with the Mann-Whitney U test. For statistical purposes, non-response trials were defined by a maximum duration of 200 sec. Significance for all tests were set at p < 0.05 (two-tailed).
Results
Histology
In all 24 animals, the tips of the needles were located bilaterally in the BLA between 2.5 and 3.0 mm posterior to bregma, 4.6 to 5.2 mm lateral to mid-line, and -8.6 to -9.0 mm ventral with respect to the dura (Figure 1). 
Motor Activity Test
The number of squares that the male rats from the three groups crossed in the open field test previous to the T-maze task was similar (average per group, SS = 70, TTX1 = 74.75, TTX2 = 64.87) (F = 0.32; p = 0.73).
Sexual Motivation Parameters in the T-Maze
All subjects from the three groups were able to perform all 7 trials in the T-maze task without reaching ejaculation. Statistical analysis revealed variations among groups with respect to the time taken to cross the T-maze during the fourth (H = 6.48, p = 0.039), fifth (H = 10.81, p = 0.0045), sixth (H = 9.12, p = 0.0105) and seventh (H = 13.94, p = 0.0009) trials. Subjects in the TTX1 group showed an increase in the time taken to cross the T-maze as compared to the SS group during the fourth (U = 9.5; p = 0.02), fifth (U = 7.5; p = 0.01), sixth (U = 6.5; p = 0.007) and seventh (U = 2; p = 0.006) trials; similarly, the TTX2 group needed more time to walk through the T-maze in the fifth (U = 6.0; p = 0.0047), sixth (U = 9.5; p = 0.02) and seventh (U = 6.0; p = 0.009) trials ( Table 1) .
With respect to the number of visits to the female, no statistically significant differences were found among groups in the number of visits to the receptive female (F = 0.41; p = 0.67) (Figure 2(a) ), nor were there differences in relation to the number of visits to the non-receptive female after the subjects in the three groups were compared (F = 2.33; p = 0.15) (Figure 2(b) ). Finally, although no significant statistical differences were found (F = 1.29; p < 0.322), a clear tendency towards an increase in the number of non-response trials was observed in the TTX1 and TTX2 groups as compared to SS (Figure 2(c) ). The non-response subjects left the start-box to walk in the stem runway but then returned to that box without showing any interest in exploring the arms of the T-maze and, therefore, without selecting one of the two arms. While those males remained in the stem runway they showed rearing, active sniffing, body grooming and vibrissae movements.
Sexual Behavior Parameters
No significant differences were obtained among the groups for the IL of the first sexual interaction (F = 2.21; p = 0.13) although a tendency was found and further compared with post-hoc tests (F = 2.21; p = 0.13).. In the second sexual interaction, no significant differences were observed in EL (F = 1.71; p = 0.20) or PEI (F = 2.98; p = 0.07); however, significant differences were found in IL (F = 5.15; p < 0.016), ML (F = 3.65; p < 0.045), NM (F = 9.95; p < 0.001) and NI (F = 8.52; p < 0.002). Post-hoc analysis with the t-Student test showed that the TTX1 group presented a significantly higher number of mounts (t = 3.83; p < 0.004) compared to SS. Meanwhile, TTX2 showed significantly longer IL (t = 2.60; p < 0.035) and ML (t = 2.16; p < 0.05) as well as a higher number of intromissions (t = 3.57; p < 0.004) compared to SS ( Table 2) . Although no significant differences were detected by the ANOVAs among the three groups regarding the other sexual parameters, tendencies were evaluated through a t-Student post-hoc analysis. Significant differences between the TTX2 and SS groups were obtained, such that the larger doses of TTX increased both the IL (t = 2.32; p < 0.05) of the first sexual interaction and the EL (t = 3.58; p < 0.004) of the second sexual interaction ( Table 2) .
Discussion
This study provides evidence that temporal inactivation of the BLA affected the sexual motivation necessary to perform a T-maze task with a sexual reward, and the sexual motivation involved in sexual interaction per se. Specifically, it was found that TTX induced an increase in the time taken to cross the maze runway to gain access to a receptive female, as well as longer mount, intromission and ejaculation latencies by the male rats during copulation. It is well known that when male rats reach ejaculation their sexual motivation decreases. For this reason, in this study it was important to maintain the rats' sexual motivation throughout the tests by allowing them one intromission as a reward whenever they selected the arm holding the receptive female. Therefore, as in a previous study [43] , sessions in the T-maze were limited to seven trials in order to impede ejaculation.
TTX was infused into the BLA of the male rats in order to chemically inactivate sodium channel conductance in the neurons located there, so we anticipated a suppression of neuronal activity within a significant extent of this brain structure that would allow us to test for changes in the maintenance of sexual motivation during the seven trials of the sexually-motivated task. As described in other studies, the effect derived by infusing TTX reaches a maximum value after a short period of time (approximately 15 to 20 min) at a concentration and volume quite similar to the ones used in this work [44] - [46] . This effect remained in a constant level of inactivation for about 4 hours, with activity returning to the pre-injection level after 12 hours [45] [46] . In this study, TTX was administered 40-45 min before the T-maze task began, thus the BLA should have been temporarily inactivated throughout the session in the T-maze (which could have lasted a maximum of 35 min if all trials were non-response ones) and until the second sexual interaction, according to other studies [46] - [49] .
Subjects in the TTX1 and TTX2 groups showed an increase in the time taken to cross the maze runway, which was evident only in the final trials. Considering that this temporal parameter has been used as an index of sexual motivation in tasks with a sexual reward [28] [29] , it can be suggested that the inactivation of the BLA induced a gradual decrease of sexual motivation during the sequence of trials in the T maze task. This longer time period required to cross the maze runway was not associated with any motor alteration because, as was demonstrated in a pilot group, the TTX doses used in this study do no alter locomotor activity in any way.
The impairment of the subjects during this motivational task could be a result of the decrease in their ability to detect and contact receptive females in the T-maze task. It has been suggested that the successful performance of sexual behavior by male rats-complex as it is-depends on their ability to distinguish between the cues emitted by sexually-receptive and non-sexually-receptive females [18] - [21] [50]- [52] . These abilities could only be manifested through the processing capacity of specialized neural circuits that allow the stimulation received during sexual interaction to be perceived as rewarding, and the salient stimuli to be associated with positive sexual reinforcement. As mentioned in the Introduction, the BLA and its connections with the orbitofrontal cortex constitute one of the main circuits involved in assigning incentive value to relevant stimuli [11] - [16] . Moreover, it has been suggested that the BLA is a key structure in mediating the encoding of the reward and, more specifically, in establishing the reward-related properties of the outcome [53] [54] . Thus, it is probable that the males under BLA inactivation in this study failed to adequately process the signals emitted by the female, and hence showed a considerable increase in the time required to cross the maze stem, together with a non-preference to visit the receptive female, and a tendency to increase the number of non-response trials. Taken together, these data may suggest that the reversible lesions in the BLA disrupted the "salience" of the sexual stimuli emitted by the receptive female placed in the goal-box of the T-maze, such that the ability of the males to perceive those sexual stimuli was gradually reduced.
Sexual motivation during copulatory interaction was also affected as a result of the temporal inactivation of the BLA, especially at the higher dose of TTX. Specifically, the subjects in TTX2 showed prolonged latencies to engage in mounting or intromission behavior, or to achieve ejaculation. This increased latency to begin the sexual interaction was not associated with any motor alteration, as was demonstrated by the rats' adequate performance of motor copulatory responses. Like in this study, similar increased latencies to begin the sexual interaction have been shown after lesions to the prefrontal cortex [55] , and after long-term kindling of the BLA [41] ; hence, it is probably that males experience some difficulty in identifying the female as a sexual incentive.
In some studies, a longer IL has been related to a deficit in the ability to achieve the erection [56] - [58] , while in others it has been associated with decreased sexual arousal [59] . In this study, BLA inactivation increased both ML and IL, possibly suggesting that this alteration of sexual interaction could be a result of the BLA's dysfunction in relation to maintaining sexual motivation, so that during the experimental sessions the sexual motivation of the males remained low and, hence, they failed to adequately begin sexual interaction. Here, we found evidence that the BLA might be involved not only in maintaining the sexual motivation required to perform the T-maze task adequately, but also in the sexual motivation that induces the initiation of motor copulatory patterns and allows male rats to achieve ejaculation.
However, it should be noted that as soon as copulation began in this study the males showed a sexual behavior that was almost normal, and even presented a higher number of mounts and intromissions. Considering that this cerebral structure has also been implicated in sensorimotor integration [60] , it is probable that the increase in the number of mounts and intromissions results from a sensory deficit after the BLA lesion that impeded these male rats from achieving the level of sexual activation required to ejaculate.
These results, however, contrast sharply with other reports, which have indicated that BLA lesions have no effect on masculine sexual behavior [32] - [35] . Although it is well known that sexual behavior in rodents is only affected after damage to corticomedial nuclei, it has been proposed that other areas of the amygdala, such as the basolateral nucleus, also play an important role in modulating the sensorial processing of the different stimuli that may participate in generating sexual motivation [36] . Some authors view the projections of the basolateral cell groups as the route by which higher-order sensory information processed in the association cortices is relayed to the hypothalamus to interact with motivational and emotional processes integrated there. Thus, the amygdala may play an important role in the association of stimuli with a variety of biologically-important aspects of events, thus mediating the impact of their reinforcing value [53] [54] . This proposal has been also demonstrated in a sexual context where, for example, BLA lesions affected appetitive sexual responses maintained by a secondary visual reinforcer, but not sexual interaction with a female [36] [37] , similarly, following exposure to bedding scented with a neutral odor (almonds) previously paired with copulation, and the exposure to a somatosensory cue (an i.p. injection) paired previously with copulation provoked an increased Fos-IR activation [38] as well as an increase in glucose utilization in the BLA [40] . Moreover, several studies have suggested the involvement of the BLA in modulating sexual behavior, mainly in relation to the sexual arousal associated with rewarding stimuli [38] - [41] .
Conclusion
In summary, these findings indicate that a functionally-intact BLA seems to be critical for maintaining sexual motivation during successive trials in a T-maze task with intromission as the sexual reward, and also for the initiation of sexual behavior. There are, however, various points that should be considered: first, we were unable to discern whether the neuronal activity inhibited by TTX corresponded to that of populations of output neurons in the BLA, or to that of passing fibers from other areas, a matter that remains unclear. Additionally, no one has yet determined to what extent performance in the T-maze task affected the second sexual interaction that subjects were allowed, nor do we know conclusively whether the higher frequency of mounts and intromissions resulted from a sensorial deficit that impeded these male rats from reaching the threshold of sexual activation required to achieve ejaculation. Thus, additional research is required to evaluate more precisely the effect of BLA inactivation on male rat copulatory interaction after TTX administration.
